Modern microbial mats are potential analogues of some of Earth's earliest ecosystems. Excellent examples can be found in Shark Bay, Australia, with mats of various morphologies. To further our understanding of the functional genetic potential of these complex microbial ecosystems, we conducted for the first time shotgun metagenomic analyses. We assembled metagenomic nextgeneration sequencing data to classify the taxonomic and metabolic potential across diverse morphologies of marine mats in Shark Bay. The microbial community across taxonomic classifications using protein-coding and small subunit rRNA genes directly extracted from the metagenomes suggests that three phyla Proteobacteria, Cyanobacteria and Bacteriodetes dominate all marine mats. However, the microbial community structure between Shark Bay and Highbourne Cay (Bahamas) marine systems appears to be distinct from each other. The metabolic potential (based on SEED subsystem classifications) of the Shark Bay and Highbourne Cay microbial communities were also distinct. Shark Bay metagenomes have a metabolic pathway profile consisting of both heterotrophic and photosynthetic pathways, whereas Highbourne Cay appears to be dominated almost exclusively by photosynthetic pathways. Alternative non-rubisco-based carbon metabolism including reductive TCA cycle and 3-hydroxypropionate/4-hydroxybutyrate pathways is highly represented in Shark Bay metagenomes while not represented in Highbourne Cay microbial mats or any other mat forming ecosystems investigated to date. Potentially novel aspects of nitrogen cycling were also observed, as well as putative heavy metal cycling (arsenic, mercury, copper and cadmium). Finally, archaea are highly represented in Shark Bay and may have critical roles in overall ecosystem function in these modern microbial mats.
Introduction
Microbial mats have persisted for~85% of the geological history of the Earth and dominate parts of the fossil record (Walter and Buick, 1980; Dupraz and Visscher, 2005) . Microbial mats are laminated organo-sedimentary biofilms, with distinctive microorganisms characterising each of the layers, their structures often stabilised through the presence of exopolymeric substances (EPS) (Dupraz and Visscher, 2005) . Some microbial mats can lead to the formation of microbially induced mineral precipitations known as microbialites (Schneider et al., 2013) , although the process of microbialite formation is still not completely understood . Microbialites can be delineated by their carbonate macrostructure, those with a laminated formation are often referred to as stromatolites, while their non-laminated clotted counterparts are referred to as thrombolites (Mobberley et al., 2013) .
The oldest fossilised microbialites are found in Western Australia, dating back~3.5 Gyr ago (Kranendonk et al., 2008) . The dominance of marine stromatolites collapsed~542 Myr ago, possibly due to eukaryotic grazing (Bernhard et al., 2013) . These communities thrive at the intersection of abiotic and biotic factors that promote organomineralisation (Dupraz and Visscher, 2005; Dupraz et al., 2009) . A host of biological factors are also necessary, such as the presence of EPS in cyanobacterial mats (Marvasi et al., 2010) , which serve as a location of mineral nucleation, while providing a heterotrophic microenvironment favourable for organomineralisation via a range of community metabolisms, including dissimilatory sulphate reduction Dupraz and Visscher, 2005; Dupraz et al., 2009) . Microbial mats have influenced Earth's evolution by adopting biologically coupled redox conditions leading to the process of oxygenic photosynthesis . Delineating modern microbial mat microbial assemblages provides further understanding of early complex microbial ecosystems and primordial biogeochemical cycling.
Despite several in-depth studies of freshwater mats and microbialites (for example, Breitbart et al., 2009; Nitti et al., 2012) , marine microbial mat and microbialite metagenomic studies have been constrained to Highbourne Cay in the Bahamas, leaving a large knowledge gap of the metabolic potential and community structure in other marine mat systems. Shark Bay offers a more extreme modern analogue, as it is hypersaline (460 psu salinity) compared with Highbourne Cay that has standard marine salinity (33 to 35 psu) Burns et al., 2004) . Shark Bay in Western Australia harbours modern analogues consisting of several morphotypes, including lithifying and non-lithifying microbial mats (smooth and pustular, respectively), and mature columnar stromatolites Jahnert et al., 2013) . Previous polyphasic approaches combining bacterial culture-dependent and independent approaches by our group and others reported a high diversity of bacterial and haloarchaeal OTUs in Shark Bay stromatolites and microbial mats (Burns et al., 2004; Papineau et al., 2005; Allen et al., 2009; Goh et al., 2009 ). In addition, recent work has documented for the first time extensive eukaryotic diversity in mat systems including Shark Bay (Edgecomb et al., 2014) , as well as detailed analyses of solute distribution in the Shark Bay mats (Pages et al., 2014) .
The use of next-generation sequencing platforms in early-Earth ecosystems is still limited; however, one study indicated that there are characteristic functional profiles in different metagenomes in the Bahaman stromatolites (Dinsdale et al., 2008) . A range of virulence genes were also identified that are often necessary to facilitate symbiotic relationships, and thus may provide clues to interactions between microorganisms in these systems. Metagenomic data on Bahaman stromatolites have been enlightening (Desnues et al., 2008; Khodadad and Foster, 2012; Mobberley et al., 2013) , revealing a basis of a core microbial community structure (dominated by Cyanobacteria) and photosynthetic-induced carbonate precipitation. Recent in-depth studies have also combined metagenomic, stable isotopic and lipid analyses to study modern microbialites in Mexico (Breitbart et al., 2009; Nitti et al., 2012) , indicating these metagenomes are capable of extensive environmental adaptation. These studies illustrate the significant potential of a metagenomic approach to unravel the underlying genetic complexity of these ecosystems; however, to date comparative data on the Shark Bay systems is lacking.
The aim of this study was thus to comprehensively decipher the core functional gene potential and complexity of Shark Bay marine microbial mats and stromatolites. We applied shotgun metagenomic sequencing of distinct Shark Bay mat and stromatolite systems for the first time, and also compared and contrasted the taxonomic and metabolic potential of previously obtained metagenomic data sets from marine stromatolites and thrombolites from Highbourne Cay, Bahamas (Khodadad and Foster, 2012; Mobberley et al., 2013) . As early work suggested there were many similarities between the fabric of Shark Bay and Highbourne Cay stromatolites (Reid et al., 2003) , delineating (any) differences at the functional metagenomic level may provide distinctions between the two environments. This study has significantly enhanced our understanding of marine mat and microbialite community structure, as well as the potential of fundamental processes of elemental cycling, adaptation and microbial interactions likely critical to ecosystem function.
Materials and methods
Sampling and site description Microbial mats (smooth and pustular) and stromatolites (columnar) were collected from Nilemah tidal flats (26˚25 S, 114°130 E) in April 2011 in Hamelin Pool, Shark Bay, Western Australia (Figure 1 ), using methods described previously (Burns et al., 2004) . Samples were collected at low tide using a sterile spatula to remove mat sections at a depth of~4 cm from the mat surface. At the time of sampling, the temperature was recorded as 29.7 o C, salinity 68 PSU and pH 8.1. Samples were placed in sterile specimen containers and stored at 4 o C during transportation. DNA was extracted immediately upon sample return. Hamelin Pool in Western Australia spans an area of 1220 km 2 with an average tidal range of~60 cm and is well protected by carbonate banks, which confine sea water inflow. In addition, Nilemah contains some of the most well-developed microbial sedimentary systems in Shark bay (Jahnert et al., 2013) .
DNA extraction
Microbial mats (~3x3x0.5 cm 3 ) were homogenised individually using a sterile mortar and pestle. Total mat DNA was extracted from~100 mg of homogenised material with five biological replicates with a combination of bead beating and chemical lysis using PowerBiofilm DNA isolation kits (Mobio, Carlsbad, CA, USA) as per manufacturers instructions. One exception to the manufacturer's instruction was during the bead-beating step the FastPrep FP120 B10101 Savant (Qbiogene, Cedex, France) was employed for 30 s at full speed (6.5 scale) instead of the 10 min vortexing step. This allowed for greater DNA quality without added EPS, commonly co-extracted from the mats. DNA from each replicate was pooled and precipitated using standard ethanol precipitation. DNA concentrations were quantified using fluorometric dsDNA binding stain PicoGreen (Invitrogen, Carlsbad, CA, USA). DNA quality was determined by UV absorbance measurements (260-/280 and 260/230 ratios) using a Nanodrop-1000 (Thermofisher, Wilmington, DE, USA).
Metagenomic sequencing and data analysis Whole-shotgun sequencing was carried out with 454 pyrosequencing using Titanium chemistry. Approximately 2 μg of DNA from each sample was used for library construction then barcoded with multiplex identifier tagging. The libraries were pooled then sequenced at the Ramaciotti Centre for Genomic Analysis. For the 454 data, the raw SFF files were converted to FASTQ format and binned by molecular barcode (multiplex identifier). 454 pyrosequencing data were examined for quality using FastQC (www.bioinformatics.babraham.ac.uk/projects/ fastqc/). Shark Bay metagenome barcodes were removed by Tagcleaner (Schmieder et al., 2010) , sequences were trimmed for low quality (4Q 25 ), poly-A/T/N tails, de-duplicated (100% extract match), ambiguous bases/sequences (o100 bp) and sequences with complexity (o70) on entropy scales by PRINSEQ (Schmieder and Edwards, 2011) . The Shark Bay mats (smooth and pustular) sequenced here, and the Highbourne Cay mats (Type 1 and Type 3; Mobberley et al., 2013) and Highbourne Cay thrombolites (Thr A, ThrB, ThrC; Khodadad and Foster, 2012) sequences obtained from MG-RAST, were all assembled (kmer size: 39) using the Ray DeNovo Assembler (Boisvert et al., 2010 , Boisvert et al., 2012 Khodadad and Foster, 2012) . The Shark Bay columnar stromatolite and the Highbourne Cay stromatolite data could not be assembled and were compared as reads.
Contigs were annotated by the Metagenomic Rapid Annotations using Subsystems Technology (MG-RAST) server (Meyer et al., 2008) . MG-RAST analysis of the contigs and unassembled sequences were compared against the RefSeq and SEED databases using BLAT parameters of only matches of ⩾ 60% similarity and ⩾ 15 bp that had an E-value of ⩾ 10 -5 . Metapathways pipelines were also used for MetaCyc database annotations using LAST (Local Alignment Search Tool) for matches of ⩾ 180 bp sequences and ⩾ 50 alignment score (Kiełbasa et al., 2011; Konwar et al., 2013) . Statistical analysis was completed using Statistical Analysis of Metagenomic Profiles (STAMP) (Parks and Beiko, 2010) and R (R development Core Team 2013). STAMP and R were used to analyse the MG-RAST data for 16 S SSU Greengenes (Phyla Level), RefSeq (Phyla level) and SEED subsystems (level II) results. The OTU cutoff used in this analysis is 97%. PCA analysis of the normalised RefSeq and Greengenes (SSU rRNA) classifications used R libraries Ecodist (dissimilarity-based functions for ecological analysis), and pvclust (hierarchical clustering with P-values via Multiscale Bootstrap Resampling) using ward clustering and Bray-Curtis distance metrics at a thousand replicates. MetaCyc pathways analyses were based on normalised pathways corrected for pathway size (number of genes), and number of ORFs in a given pathway, and the top 50 shared pathways extracted for relative abundance threshold above the size and ORFs. The STAMP Welch's t-test was completed using (two groups), one-sided, CI method Welch's inverted, size and with no multiple test correction using Benjamini-Hochberg FDR. Dotplots of the normalised RefSeq and 16 S SSU classifications were completed using R libraries Reshape2 with the melt function then plotted using ggplot2 (Wickham, 2009) . These data were visualised using the R library ggplot2 (Wickham, 2009 ). Recruitment read analysis was undertaken using FRhit using default parameters with a minimum identity 470% and an E-value 41e − 5 (Niu et al., 2011) , then were visualised with the R library ggplot2 (Wickham, 2009 ).
Metagenomic data depositing
The unassembled sequences and contigs from Shark Bay smooth and pustular mats, and columnar stromatolites are available in MG-RAST. The Ray assembled raw coverage files (.xml) are also avail- 
Results and Discussion
Assembly of metagenomic data To facilitate comparison of 454 FLX titanium pyrosequencing (~250 bp read length) to HiSeq Illumina sequencing (100 bp paired end) we used the metagenomic assembler RayMeta (Boisvert et al., 2012) . We also compared other assemblers including Velvet (Zerbino and Birney, 2008) , MetaVelvet (Namiki et al., 2012) and AbySS (Simpson et al., 2009) for our Shark Bay pyrosequencing and for the reanalysis of the Highbourne Cay data (data not shown). RayMeta out-performed all other assemblers for total bases assembled, low chimeric sequences and longer over contig length. Comparing short 4100 bp read length did not provide the best annotations, and as longer read length provides greater accuracy, assembly is preferred whenever possible (Wommack et al., 2008; Liu et al., 2012) .
The metagenomic assembly was comparable, even using different sequencing technologies for the marine mats and microbialites surveyed in this study. With the exception of the stromatolite metagenomes (which could not be assembled), all assembled samples had an average contig length (4400 bp), N50 (4300 bp) and median contig read lengths (4210 bp) (Supplementary Table S1 ). The Highbourne thrombolites sequenced on Illumina HiSeq had the longest contigs including some greater than 15 kb (Supplementary Table 1 ). Our assembly greatly increased read length for searchable annotations greater than threefold (~100 to 4300 bp) for the Highbourne thrombolite metagenomes (Supplementary Table 1 , Mobberley et al., 2013) . Owing to this increase in read length sequencing technologies could be directly compared. While assembly numbers are low (41%), this is quite common and comparable among highly complex heterogeneous metagenomic samples (Howe et al., 2014) . The Shark Bay and Highbourne Cay stromatolite metagenomes did not assemble well (o500 contigs) using any de novo assembly platform (for example, AbySS, RayMeta, MetaVelvet), likely due to too few sequences and high genetic heterogeneity in the samples. The Highbourne Cay stromatolite metagenomes were sequenced on Roche 454 GS20 pyrosequencing (circa 2005) , before the advent of longer-read 454 chemistries resulting in short-read lengths (o100 bp). Although DNA from stromatolite and thrombolite samples from Highbourne Cay was extracted by others utilising different approaches (Mobberley et al., 2013; Khodadad and Foster 2012) , the methods of assembly employed in the present study were the least biased and most independent ways to compare all labs and datasets, supported by rarefaction analyses using protein-coding genes (RefSeq, Supplementary Figure 1) . Assembly is an excellent way to obtain high confidence annotation; potentially when contigs from overlapping regions are assembled they effectively become one read, making it difficult to count absolute abundances as those reads are lost. The coverage information of each overlapping contig can be successfully used to recover this information, however, and these are freely available in MG-RAST. De Novo assembly of complex microbial communities remains an ongoing challenge and further advances in read lengths should improve this in the near future.
Sample characteristics and diversity metrics Shark Bay samples included microbial mats (pustular and smooth) and mature columnar stromatolites (Figure 1 ). The smooth mat surface was characterised by a smooth, soft layer, whereas pustular mats had an amorphous rough top layer (Figure 1) . The mature columnar stromatolites consists of hard layers with no obvious biomass beyond the first 3-5 mm of the top layer, whereas the smooth and pustular mats have significant biomass over a range of layers (Figure 1) . Highbourne Cay and Shark Bay surrounding waters have very similar pH (~8) and sub-tropical water temperatures (~20-25 1C) (Baumgartner et al., 2009; Allen et al., 2009) . Shark Bay differs from Highbourne mainly in salinity, containing nearly double the level (66-72 psu, compared with (33-33.5 psu), respectively (Edgecomb et al., 2014) . Furthermore, the Highbourne systems are exposed to higher wave energy compared with their Shark Bay counterparts (Eckman et al., 2008) , which may also impact diversity.
The Shark Bay microbial mat metagenomes exhibited higher diversity of protein-coding genes than Highbourne Cay metagenomic assembled samples. The smooth and pustular metagenomes had the highest observed alpha diversity (4700 index units Supplementary Table 2 ). The Highbourne Cay thrombolites had the lowest observed alpha diversity (4150 index units, Supplementary Table 2 ). Both the Highbourne and Shark Bay columnar stromatolites had similar alpha diversity. Previous SSU rRNA diversity studies have predicted that the Highbourne Cay stromatolites (all mat types combined) would have higher diversity than Shark Bay columnar stromatolites, likely due to salinity stress in the latter (Supplementary Table 2 ; Allen et al., 2009; Baumgartner et al., 2009; Mobberely et al., 2013) . However, our metagenomic data suggest that both stromatolites, whether from Shark Bay or Highbourne Cay, have similar diversity (272.36 vs 294.25 index units). While diversity metrics using metagenomic data are not as standardised as singlemarker genes (for example, SSU rRNA), they are useful metrics to compare whole communities.
Microbial community structure of Shark Bay microbial mats The microbial community structure was relatively similar based on the bacterial composition of Shark Bay communities across all samples, whether microbial mat (smooth and pustular) or mature columnar stromatolites. The Shark Bay bacterial communities were dominated by Proteobacteria, Firmicutes, Cyanobacteria, Bacteroidetes, Actinobacteria, Chloroflexi and Acidobacteria based on protein-coding (RefSeq, Figure 2a ) and SSU ribosomal genes (GreenGenes, Figure 3a) . RefSeq annotations suggest higher levels of heterotrophic taxa including Proteobacteria, Firmicutes, Chloroflexi, Actinobacteria and Acidobacteria in Shark Bay than in Highbourne Cay (Figure 3a) . PCA of both proteincoding and SSU ribosomal genes further revealed that Shark Bay is distinct from both Highbourne Cay stromatolites and thrombolites in terms of microbial community structure (Figures 2b and 3b) . SSU rRNA genes extracted directly from the metagenomic contigs (Shark Bay pustular and smooth mats) and metagenomic reads (Shark Bay stromatolite) suggested a greater proteobacterial presence in Shark Bay than in Highbourne Cay (450%) (Figure 3a) . Highbourne Cay thrombolites contrast Shark Bay metagenomes by a higher abundance of Cyanobacteria than Proteobacteria (Figures 2a and 3a) . Proteobacterial dominance in Shark Bay has been well documented by previous 16 S rDNA clone libraries of the smooth and pustular mats, as well as for mature columnar stromatolites (Burns et al., 2004; Papineau et al., 2005; Allen et al., 2009; Goh et al., 2009) , which was further supported by protein-coding and SSU ribosomal genes directly extracted from the Shark Bay metagenomes in the present study.
Proteobacteria (for example, Alphaproteobacteria and Deltaproteobacteria), Cyanobacteria and Bacteroidetes are the core members of the marine mat microbiome. Proteobacteria, Cyanobacteria and Bacteroidetes also appear to be the dominant taxa in marine mats based on protein-coding genes (Figures 2a and 3a) . The dominance of Proteobacteria (for example, Alphaproteobacteria and Deltaproteobacteria), Cyanobacteria and Bacteroidetes in marine microbialites of Highbourne Cay is confirmed by our reanalysis of the previously documented data (Baumgartner et al., 2009; Khodadad and Foster, 2012) . We confirmed the observations that Highbourne Cay thrombolites are dominated by Cyanobacteria based on the reassembly of short Illumina reads into longer contigs using Ray Meta (Mobberley et al., 2013) . Alphaproteobacteria and Deltaproteobacteria have been linked to carbonate precipitation by photoheterotrophic and anoxic dissimilatory sulphate reduction, which could influence the formation of modern mats (Dupraz and Visscher, 2005) . Cyanobacteria are fundamental community members as they provide nutrients, structure and directly act in the microbial mat formation processes. Many filamentous cyanobacteria can influence carbonate precipitation through photosynthesisinduced alkalinisation, produce extracellular polymeric substances (EPS) that bind Ca 2+ ions and provide nucleation points for precipitation (Dupraz and Visscher, 2005; Dupraz et al., 2009) . Moreover, cyanobacteria classified to the order Gloeobacterales were identified in our Shark Bay mat databases, a group that has been identified as a major contributor in calcification (Couradeau et al., 2012) . However, the role of this order in Shark Bay microbial mats and microbialites is still to be determined, and will be better clarified with future studies employing FISH with single-cell genomics.
Bacteroidetes have also been found among both marine (for example, Highbourne Cay) and freshwater mats (for example, Lake Van) in clone library surveys (López-García et al., 2005) . Although Bacteroidetes have not been functionally linked to carbonate precipitation in microbial mats, certain strains encode urease, which under the geochemistry present in marine mats (for example, high alkalinity, high DIC, alkaline pH), could potentially lithify calcium carbonate (Castanier et al., 1999) . Bacteroidetes are potentially dominant members of the heterotrophic microbial consortium that degrade EPS-rich cyanobacterial mats and releasing nutrients (for example, DOC, PO 4 3-and NH 3 ) that could lead to further mineralisation in stromatolites. However, further investigation is needed into the microbialite-specific Bacteroidetes that dominate marine microbialites, to ascertain their exact roles in these systems.
Of particular interest Shark Bay appears to be novel compared with other marine microbialite forming ecosystems in that it contains a relatively high abundance of archaea (Burns et al., 2004; Papineau et al., 2005; Allen et al., 2009; Goh et al., 2009) . Analyses in the present study of proteincoding genes (RefSeq classification) confirm this and reveal that Shark Bay metagenomes have similar abundances of Crenarchaeota, although pustular mats have two log units greater abundance of Euryarchaeota (Figure 2a) . Interestingly, no archaeal ribosomal sequences were obtained from columnar stromatolite metagenomes, whereas pustular mats Metagenomic sequencing of Shark Bay microbial mats R Ruvindy et al had abundant ribosomal sequences from Euryarchaeota ( Figure 3a) . The archaea in Shark Bay microbial mats are principally halophiles, and many unclassified haloarchaea have been detected from Shark Bay microbial mats and stromatolites and not the surrounding seawater , indicating that these systems are a potential reservoir for these archaea. Halococcus hamelinensis, Haloferax elongans and Haloferax mucosum are haloarchaea that have been isolated from Shark Bay microbialites (Goh et al., 2006; Allen et al., 2008) , and several studies have also characterized the genomes of these archaea (Burns et al., 2012; Lynch et al., 2012; Guddhka et al., 2015) . Our data indicate evidence for higher abundance of haloarchaea among the contigs in Shark Bay than in Highbourne Cay contigs. Metagenomic read recruitment analyses undertaken in the present study (Supplementary Figure 3) also indicate H. hamelinensis sequences are present in abundance in our data sets from Shark Bay. Further investigation of the haloarchaea in Shark Bay including potential roles or niche selection due to the prevailing hypersaline conditions is ongoing.
Of potential significance to nitrogen cycling in these systems, archaea from the phylum Thaumarchaeota were relatively abundant in the Shark Bay microbial mats (Figure 2 ), a group of organisms possessing high nitrification rates in marine systems (Veuger et al., 2012) . In contrast, more common nitrifying bacteria, such as Nitrosomomonas and Nitrobacter, were in very low abundance in the Shark Bay metagenomes examined in the present study. Hypersalinity appears to inhibit the growth of nitrifying bacteria (Jeffries et al., 2012) , and this may contribute to their scarcity in the Shark Bay systems. Finally, the potential paleobiological significance of a high abundance and diversity of halophiles in the Shark Bay systems is seen with the observation that some Precambrian stromatolites have also been suggested to have formed in shallow, hypersaline settings (Flannery and Walter, 2011) .
Metabolic potential of Shark Bay microbial mats
The metabolic potential of hypersaline marine mats and microbialites is relatively unknown. We compared the metabolic potential of stromatolites and microbial mats from Shark Bay against two functional databases, SEED subsystems and MetaCyc pathways, using metapathways (ePGDBs). Among the MetaCyc pathway annotations there were 392 shared pathways relating mainly to cellular homoeostasis (for example, nucleic acid, protein and carbohydrate synthesis and degradation, Figure 4a ). Mature stromatolite microbial metagenomes had very few unique pathways (11) and few shared pathways compared with only pustular and/or smooth mats (18 and 5, respectively, Figure 4a ). This indicated that the smooth and pustular mats are similar not just by microbial community structure, but also metabolically by sharing more pathways (193, Figure 4a ), than directly with columnar stromatolites (18 and 5, Figure 4a ). This suggested that while many pathways are shared, very few unique pathways exist among a single microbialite morphotype.
Elemental cycling. The cycling of key elements is not only fundamental to maintain the delicate balance between distinct microbial groups in Shark Bay microbial systems, but may also be critical in mediating mineral precipitation/dissolution events in these ecosystems. Pathway annotations of columnar stromatolites, pustular and smooth mats revealed potentially novel pathways relating to carbon fixation and fermentation (Figure 4b) . From our analyses, 3-hydroxypropionate/4-hydroxybutyrate (3HP/4HB), reductive TCA II, incomplete reductive TCA II, TCA III, TCA VI (photoautotrophic common carbon fixation) and TCA V are all predicted as the central carbon fixation pathways found within Shark Bay microbial mat metagenomes.
3-hydroxypropionate/4-hydroxybutyrate and reductive TCA cycles are also found among deep-branching phyla including anoxygenic photoautotrophs such as Chloroflexus aurantiacus (Holo, 1989) , as well as archaea such as the Thaumarchaeota. Chloroflexus aurantiacus also secretes 3-hydroxypropionate to assimilate acetate and CO 2 (Holo, 1989) . Whether this mode of carbon fixation also indirectly affects mineral precipitation in Shark Bay systems remains to be established, yet it does suggest that ancient forms of carbon fixation pathways could be active in modern day Shark Bay stromatolitic systems. The 3HP/4HB cycle identified in archaea has also been implicated as important in global carbon cycling (Berg et al., 2007) , further indicating the potential significance of this carbon fixation system in Shark Bay microbial mats.
Primary alcohol degradation pathways were also present among the shared MetaCyc pathways. All three ethanol degradation pathways were present among Shark Bay mats and stromatolite (Figure 4b ). Fermentation including primary alcohols can lead to dissolution via the increase of acidic by-products (Dupraz and Visscher, 2005) . Ethanol degradation I, II and IV yields acetaldehyde and acetate to acetyl CoA as its final metabolic product. Ethanol can also be a sole carbon source for sulphate reducers, including Desulfovibrio (Dilling and Cypionka, 1990) . Ethanol, acetate and acetaldehyde can be used as terminal electron acceptors by dissimilatory sulphate reducers as substrates that can precipitate carbonate, and thus could offset carbonate lost by direct fermentation of primary alcohols Visscher and Stolz, 2005; Dupraz and Visscher, 2005; Gallagher et al., 2012) .
Among the shared pathways across the Shark Bay microbial mats, nitrogen cycling was well represented. MetaCyc pathways for nitrogen fixation, nitrate reduction VI (assimilatory) and ammonia assimilation cycle 1 and 2 were present in all samples (Figure 4b ). Pustular and smooth mats had slightly higher levels of nitrogen fixation and ammonia assimilation cycle II abundance (Figure 4b ). Amino-acid biosynthesis related to glutamate, aspartate and glutamine degradation had the highest relative abundance of shared MetaCyc pathways (Figure 4b ). Glutamate degradation I, with its end point metabolites of ammonia and L-glutamate, was the most heavily represented pathway in all samples tested. If free ammonia is released within the mat layers it can theoretically increase pH and alkalinity pushing the saturation index towards lithification of carbonates within the local environment (Walter, 1976) . Of further interest to ecosystem function, very few bacterial nitrification genes in the Shark Bay metagenomes were observed, supporting the lack of common bacterial nitrifiers (Figures 2  and 3 ). An incomplete nitrogen cycle may result in a build-up of potentially toxic ammonia, and, as alluded to earlier, may indicate the presence of an alternative nitrifying pathway in Shark Bay microbial mats. We propose that ammonia-oxidising Thaumarchaeota may contribute to nitrification in Shark Bay microbial mats. This group of archaea oxidise ammonia aerobically to nitrite through an unknown pathway (Vueger et al., 2012) . Thaumarchaeota has also been shown to increase in abundance as salinity increases in other environments (Xie et al., 2014) , and its presence in Shark Bay mats and stromatolites demonstrates that salinity may be an important factor regulating the nitrogen cycle.
Further complementing the community analyses delineating a high abundance of Proteobacteria (Figures 2 and 3) , functional annotation of Shark Bay metagenomes revealed a range of diverse metabolic pathways involved in sulphur metabolism. Sulphur oxidation pathways (encoded by the Sox gene cluster) were present in all metagenomes, though data suggest a potentially incomplete Sox pathway (Supplementary Table 3) , and are conserved across the Proteobacteria (Friedrich et al., 2001) . Sulphate reduction pathways consisting of sulphate adenyltransferase (Sat), and adenylylsulphate reductase (apsAB) were identified across all metagenomes; however, dissimilatory sulphite reductase (dsrAB) was not observed (Supplementary  Table 3 ). Finally, annotated genes involved in organic sulphur assimilation in Shark Bay could be grouped into alkanesulphonate assimilation and utilisation, glutathione utilisation, L-cysteine metabolism, taurine utilisation and dimethylsulphoniopropionate catabolism. The significance of sulphur metabolism in the Shark Bay microbial mats was seen in a recent study examining the distribution of sulphur species in these systems (Pages et al., 2014) , identifying specific niches of sulphide production coinciding with cyanobacterial photosynthesis, suggesting metabolic cooperation in these modern systems.
In terms of phosphorous cycling, the Shark Bay metagenomes analysed here contained functional annotations clustering with phosphate, polyphosphate, phosphonate and alkylphosphonate metabolism, as well as cyanobacterial phosphorus accumulation and phosphonate biosynthesis. Interestingly, an early study of phosphorus concentration in Shark Bay sediments indicated phosphate scarcity in the hypersaline area of Shark Bay (Atkinson, 1987) . Shark Bay metagenomes have a near complete Pho regulon pathway (an inducible phosphate starvation sensor regulon) in all samples suggesting these communities may be well adapted to phosphate limitation. Shark Bay microbial mats also have a high abundance of alkaline phosphatases, consistent with other microbialite forming ecosystems, such those found in a soda lake in Mexico (ValdespinoCastillo et al., 2014) . These alkaline phosphatases potentially allow for a greater dissolved organic phosphate utilisation (Valdespino-Castillo et al., 2014) . On the basis of this we suspect that these alkaline phosphatases would allow for higher dissolved organic phosphate utilisation in the hypersaline Shark Bay mat systems. Microbialites from other low-P environments have also been shown to metabolise other sources of P such as phosphonates or polyphosphate (Breitbart et al., 2009) . Exopolyphosphatase and polyphosphate kinase genes were identified in all Shark Bay metagenomes, which may facilitate polyphosphate accumulation in low P environments. It has been suggested that polyphosphate was present on early Earth during the prebiotic era, and the regulatory functions of polyphosphate in adaptive responses to high salinity, heavy metal toxicity and oxidative stress have been described (Achbergerova and Nahalka, 2011, Seufferheld et al., 2008) . Thus, the presence of polyphosphate metabolism genes in Shark Bay systems also indicates a putative role of polyphosphate as an energy source and, potentially, a precursor of stress adaptation on early Earth.
Stress response
One of the defining features of Shark Bay mats and microbialites is they are constantly subjected to a range of conditions including variable temperature, salinity, UV, desiccation and oxidative stress . Salinity in particular is regarded as a determining factor affecting the global distribution of microbial communities (Lozupone and Knight, 2007) . Hypersaline conditions in Shark Bay are the main stressors that likely select for microbial community structure and may account for the high abundance of halophilic archaea present among the microbial mats. Furthermore, osmoadaptive mechanisms in several cyanobacteria and archaea isolated from Shark Bay stromatolites have been described (Goh et al., 2010 (Goh et al., , 2011 , and the current metagenomic analyses delineated osmoadaptive mechanisms as a whole in these communities. Functional annotation of Shark Bay metagenomes here identified clusters of osmoadaptive traits, with the majority of the sequences categorised as choline and betaine uptake and betaine biosynthesis (Supplementary Table 4 ). Genes encoding pathways involved in trehalose biosynthesis were also observed, and, although some annotation for osmoadaptive mechanisms involved in potassium uptake were observed, they were in lower abundance compared with compatible solute-related adaptive traits. The data suggest that compatible solutes likely have dominant roles in osmoadaptive mechanisms in these communities, supporting previous studies (Goh et al., 2010; 2011) . In addition, both glycine betaine and trehalose constitute a significant carbon source for microorganisms, and glycine betaine can represent up to 20% of total nitrogen in the surface layers of hypersaline sediments (Welsh, 2000) . It is possible the cycling of compatible solutes is critical in the Shark Bay systems as both a protective mechanism as well as potential source of carbon and energy in times of stress.
Of potential interest, all Shark Bay metagenomes had functional annotations for a range of pathways involved in heavy metal cycling, including those for zinc, chromium, mercury, copper, cadmium and arsenic (Supplementary Table 5 ). Arsenic metabolism genes included those encoding arsenate reductase, arsenic resistance proteins and arsenical resistance operon repressors. Arsenic cycling is of particular interest in modern microbial mats, with a recent study providing evidence for arsenic cycling in fossil stromatolites over 2.7 billion years old (Sforna et al., 2014) . Although an early study reported cadmium accumulation in several species of molluscs in Shark Bay (McConchie and Lawrance, 1991) , further work is needed to elucidate the exact importance of heavy metals in these systems.
Comparative metabolic potential of marine mats and microbialites Principal coordinate analyses revealed that the metabolic potential of Shark Bay metagenomes are distinct from those at Highbourne Cay (SEED, Level I annotations; Figure 5a ). Phosphorus, amino acid, respiration, motility and chemotaxis metabolic pathways are statistically significantly more abundant in Shark Bay versus Highbourne Cay metagenomes (SEED, Level I annotations; Figure 5b ). Photosynthesis is statistically greater in relative abundance in Highbourne Cay compared to Shark Bay metagenomes (Figure 5b ). This suggests that Shark Bay carbonate precipitation metabolic potential is more heterotrophic in nature (dissimilatory sulphate/ nitrate reduction and/or ammonification from amino acids) than the photosynthetic-based carbonate precipitation at Highbourne Cay. Furthermore, functional level classification at the next hierarchical level (SEED Subsystem Level II) revealed further differences between the two environments (Supplementary Figure 2) . In particular, statistically significant categories related to stress adaptation (osmotic stress, periplasmic stress, antiporters) were significantly enriched in Shark Bay over Highbourne Cay (Supplementary Figure 2 P-valueo0.01 ). This is not surprising given the hypersaline setting of Shark Bay; however, it may be that environmental factors such as salinity determine major differences in functional potential between the two settings. Furthermore, both sulphur metabolism and phosphorus and phosphate metabolism pathway abundance was significantly enriched in Shark Bay over Highbourne Cay ( Supplementary Figure 2 , P-valueo0.05).
The greater level of photosynthetic metabolism genes present in Highbourne Cay (especially thrombolites) are likely due to the dominance of the microbial communities by cyanobacteria. As a further indicator of the potential importance of salinity in defining microbial mat and microbialite communities, salt stress has been shown to inhibit the photosynthetic capability of cyanobacteria (Allakhverdiev and Murata, 2008; Hagemann, 2011) , which may further explain these metagenomic differences observed. Furthermore, it has been suggested that Pavilion Lake microbialite heterotrophs contribute to the cementation process of thrombolites by subsequent in-filling of microstructures (Omelon et al., 2013) , a process that could potentially be occurring in Shark Bay systems.
Conclusions
Modern marine microbial mats represent one of the best windows to the past, and the present study is the first detailed metagenomic analysis of the modern ecosystems in Shark Bay. Shark Bay differs greatly in salinity content from the open marine Highbourne Cay, and salinity may be a major factor influencing ecosystem function in Shark Bay. However, the two environments do contain the same functional groups likely involved in carbonate precipitation, including filamentous cyanobacteria and sulphate-reducers. Shark Bay also appears to have a greater abundance of halophilic archaea not found in other microbialiteforming ecosystems to date and likely a result of higher salinities. Alternative non-rubisco-based carbon fixation including reductive 3-hydroxypropionate/4-hydroxybutyrate pathways is highly represented in Shark Bay metagenomes, and further work may help clarify whether these pathways influence, for example, precipitation processes. The present study has revealed key insights into metagenomic potential in modern marine mats and microbialites, and hinted at the possibility of novel microbial interactions that drive ecosystem function. While sequence data alone will never completely characterise microbial mat and microbialite communities, our work has defined the Shark Bay 'stromatonome' and provides a platform for further detailed analyses on the impact of eukaryotic and viral diversity, as well as targeted and global gene expression studies under different environmental conditions (for example, season, salinity), to comprehensively understand these complex microbial ecosystems.
